Measurement of the compressive crack resistance curve of composites using the size effect law The Compact Tension (CT) test specimen [6, 7] is normally used to measure 9 the fracture toughness and the crack resistance curve (R-curve) of compos-10 ite materials reinforced by unidirectional fibres. While reliable results can be 11 obtained for brittle material systems using appropriate data reduction meth-12 ods [8, 7] , the introduction of tougher resins leads to higher loads for crack 13 propagation, which may cause buckling of the unnotched end of the CT test 14 specimen [9] .
15
There is also the need to measure the fracture toughness and the correspond-
16
ing R-curve associated to the propagation of a kink-band, which shows a 17 crack-like behaviour [10] [11] [12] with an R-curve that results from the broadening 18 of the damage height [11] . It is considered here that the compact compres-19 sion test specimen is inadequate to measure the compressive crack resistance 20 curves of polymer composite materials. In fact, the correction factor used in 21 the data reduction method of the compact compression test method to calcu-22 late the energy release rate is the same as that used in the compact tension
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30
It should also be noted that the compact compression specimen triggers dif-31 fused damage during the propagation of the kink-band, artificially increasing 32 the value of the measured fracture toughness, and that it is not possible to 33 identify the location of the tip of the kink band [7] . Therefore, it is considered 34 that while the compact compression test method may be used to measure the 35 initial value of the fracture toughness it does not provide reliable information
36
for the generation of the R-curve.
37
This means that the analysts have no reliable test methods to measure some of 38 the required material properties, namely the fracture toughness related with 39 the propagation of a kink-band and the corresponding R-curve.
40
This fact provides the motivation for this paper, whose objective is to propose Consider the geometry shown in Figure 1 . The width is equal to 2w, the length 53 is 3w, and a 0 is the initial crack length.
54
[ Fig. 1 
where s lm are the components of the compliance matrix computed in the x-59 y coordinate system, K I is the stress intensity factor, and λ, ρ are the two 60 dimensionless elastic parameters defined as:
Suppose that the crack is propagating in a [0/90] ns cross-ply laminate. In this 62 case, s 11 = s 22 , λ = 1 and equation (1) reads: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 where E is the laminate Young's modulus along the x (or y) direction.
64
The stress intensity factor of the double edge notched specimen shown in
65
Figure 1 is a function of ρ, of the remote stress σ, and of the shape and the 66 size of the specimen:
where α = a/w is the shape-parameter and φ (α, ρ) is the correction factor 68 for the geometry and orthotropy of the material. Substituting (4) in (3) the 69 energy release rate reads:
where t is the thickness of the specimen.
71
Following the approach proposed in [7] the dimensionless function φ(α, ρ)
72
can be defined for the problem under consideration using the Finite Element 
75
In this model the characteristic distance w is taken constant and equal to the 76 unity, while the variables are: i) the shape parameter or, in other words, the 77 crack length 0 < α < 1; ii) the dimensionless parameter ρ that takes into 78 account the effect of the orthotropy of the material (0 ≤ ρ ≤ 20). There is no 79 need to take into account λ because for the layup that was chosen (balanced 80 cross ply) its value is constant and equal to one; therefore λ is not accounted 81 for in the calibration of the model. Figure 2 shows the mesh of the finite 
94
Using the results obtained in the FE analysis the correction factor φ is approximated by the following polynomial:
where Φ ij is the element of the matrix Φ at the row i and at the column j,
95
and M and N are the number of rows and columns of Φ respectively. 
98 Figure 3 shows the numerical points obtained in the FE simulations (each point 99 corresponds to one simulation) and the surface fitting function of equation (6). theory are E x = E y = 90648MPa, G xy = 5290MPa, ν xy = ν xy = 0.032 and,
109
from (2), ρ = 8.54.
110
[ Fig. 4 
where α 0 = a 0 /w (see Fig. 1 ). The energy release rate G I (a + ∆a) and the represents the crack-driving force at the peak load, P u (or at the maximum 120 remote stress, σ u ).
121
[ Fig In summary, for different sizes w k the driving-force curves G I corresponding 123 at the peak loads P uk are tangent to R-curve, R. This fact will be used to 124 measure the R-curve.
125

Obtaining the R-curve from size effect
126
Based on the previous observations, the peak load, P u , or the ultimate nominal 127 stress, σ u = P u / (2wt), can be obtained from the following system of equations:
Assuming that the size effect law, σ u = σ u (w), is known, substituting (5) in 129 the first of equations (9) in:
The R-curve, R (∆a), can be obtained solving (11) for w = w (∆a), and by
136
replacing this solution in equation (10).
137
The proposed method provides the R-curve of the laminate. The R-curve of propagation da reads:
where R 0 and R 90 are the R-curves for the 0 • and 90
• plies respectively while (12) results in: Poisson's ratio.
154
[ for 2 hours iii) cooling at 3
• C/min. The pressure of 7 bar was used during all 160 the curing cycle.
161
After curing, the laminate was cut using a diamond saw disk to the nominal 162 specimens size and the notches were machined using a vertical mill equipped 163 with 1mm diameter drill bit.
164
Six sizes were chosen for the specimens, corresponding to the references A to 165 F. The nominal dimensions of the specimens are shown in Figure 6 . Three 166 specimens were tested for each specimen type. It should be noticed that the 167 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 initial crack length a 0 was chosen to be one-half of the characteristic length 168 for all specimens. Therefore the parameter α 0 is equal to 0.5.
169
[ Fig. 6 about here.]
170
The specimens manufactured are scaled from the specimen shown in Figure 1 . of the fracture toughness at unstable crack propagation.
180
After manufacturing, the specimens were painted with a matte white. After 181 drying the specimens, a speckle was made for all the specimens with the help 182 of an airbrush (see Fig. 7 ).
183
[ Fig. 7 was used between the specimen and the loading system. The self alignment Table 2 for each specimen configuration (see also Fig 7) .
212
[ Fig. 9 in the range of 2×10 −2 pixel and 0.02-0.04% respectively (Table 2) .
223
[ 
Experimental results
225
Representative load vs. displacement curves are shown in Figure 10 for the 226 different specimens.
227
[ Fig. 10 about here.]
228
The F specimens (the longest specimens) were equipped with a strain gauge 229 on the back side of the specimen (the side without the speckle for the DIC).
230
The strain measured by the strain gauge was compared to the strain measured 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 differences, it is concluded that no buckling occurred in the test specimens.
239
[ Fig. 11 about here.]
240
The digital image correlation can be used to further verify the validity of the 241 tests performed. Figure 12 shows the contour plot of the shear strain, γ xy . The The summary of the results is shown in Table 3 . For each type of specimen 253 the characteristic size w, the peak load P u , and the standard deviation are re- of the R-curve.
256
[ 4 Obtaining the R-curve from size effect
258
As previously explained, the use of the size effect method to obtain the R- The size effect law of the material can be expressed as:
where m and q are the slope and the intercept of the linear fit respectively. It 272 should be noted that the linear fit was obtained with a coefficient of determi-273 nation of R 2 = 0.92.
274
Knowing the size effect law, equation (11) can be solved for w = w (∆a). All 275 the other parameters are known: α 0 = 0.5, E = 90648MPa, and ρ = 8.54.
276
Substituting w = w (∆a) in equation (10) Figure 15 shows the R 0 obtained using this methodology as the envelope of the 280 crack driving force curves. The value of the steady-state value of the fracture 281 toughness can be obtained as:
where φ 0 = φ| α=α 0 . It is interesting to note that the value of the fracture tough-283 ness previously measured using the compact compression test specimens [7] ,
47.5kJ/m 2 , corresponds to just one point in the rising R-curve.
285
The length of fracture process zone reads [17] :
where To simplify the use of the R-curve it is necessary to express it in an analytical 290 form that fits the points obtained by solving equations (10) 
By optimal fitting the following values are obtained: κ = 0.5126 and n = 4.289.
293 Figure 16 shows the analytical fitting of the R-curve.
294
[ Fig. 16 to a length of the fracture process zone of 1.43mm.
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